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ABSTRACT 
This study concerns pressure drop of adiabatic water 
liquid-vapor two-phase flow across an array of 1950 staggered 
square micro-pin-fins having a 200×200 micron cross-section 
by a 670 micron height.  The ratios of longitudinal pitch and 
transverse pitch to pin-fin equivalent diameter are equal to 2.  
An inline immersion heater upstream of the micro-pin-fin test 
module was employed to produce liquid-vapor two-phase 
mixture, which flowed across the micro-pin-fin array.  The test 
module was well insulated to maintain an adiabatic condition.  
Four maximum mass velocities of 184, 235, 337, and 391 
kg/m²s, and a range of vapor qualities for each maximum mass 
velocity were tested.  Measured pressure drop increases 
drastically with increasing vapor quality.  Nine existing two-
phase pressure drop models and correlations were assessed.  
The Lockhart-Martinelli correlation for laminar liquid-laminar 
vapor combination in conjunction with a single-phase friction 
factor correlation proposed for the present micro-pin-fin array 
provided the best agreement with the data.   
 
INTRODUCTION 
Two-phase micro-pin-fin heat sinks that utilize arrays of 
micro-size pin-fin as internal heat transfer enhancement 
structures and capitalize on latent heat exchange associated 
with liquid flow boiling have recently emerged as a promising 
alternative to popular two-phase micro-channel heat sinks to 
meet the future high-heat-flux electronics cooling needs [1,2].  ttps://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of UseEffective design and performance assessment of two-phase 
micro-pin-fin heat sinks require a fundamental understanding of 
virtually all thermal and hydrodynamic aspects of liquid flow 
boiling in micro-pin-fin arrays.  Among others, accurate 
prediction of pressure drop is of special importance.  Due to 
micro-scale flow passages and vapor production inside the heat 
sink, excessive pressure loss is always a concern, which can 
lead to elevated pumping power consumption and high 
operating cost.  As the interest in this novel type of heat sinks is 
fairly recent, our knowledge on pressure drop of liquid-vapor 
two-phase flow across micro-pin-fin arrays is quite limited 
[3,4]. 
Krishnamurthy and Peles [3] experimentally investigated 
pressure drop of adiabatic nitrogen-water two-phase flow 
across an array of staggered circular micro-pin-fins having 
diameter of 100 µm, height of 100 µm, and pitch-to-diameter 
ratios of 1.5.  Several previous Lockhart-Martinelli type of 
correlations were assessed and found unable to adequately 
predict their data.  A new correlation was proposed, where the 
C factor was linearly proportional to liquid Reynolds number.  
Koşar [4] recently studied pressure drop of refrigerant R-123 
flow boiling in an array of hydrofoil pin-fins with chord 
thickness of 100 µm, length of 500 µm, and height of 243 µm.  
The ratios of transverse pitch and longitudinal pitch to chord 
thickness are 1.5 and 5, respectively.  Predictions of previous 




Downlothe data.  Results showed that the two-phase friction multiplier 
was strongly influenced by flow pattern. 
The present study adds on to the previous studies [3,4] by 
investigating pressure drop of adiabatic water liquid-vapor two-
phase flow across an array of staggered square micro-pin-fins 
with a 200×200 µm cross-section by a 670 µm height.  The 
objectives of the study are: (1) to provide new data for water 
liquid-vapor two-phase frictional pressure drop across the 
micro-pin-fin array, and (2) to assess the accuracy of previous 
predictive tools at describing the new data.   
 
Nomenclature 
Ac Area of a micro-pin-fin cross-section 
cp,f specific heat of liquid water 
C C factor in the Lockhart-Martinelli type of correlations 
de Equivalent diameter of a square micro-pin-fin cross-
section 
dhch Equivalent hydraulic diameter of flow passages in 
micro-pin-fin array 
ffin,sp Single-phase friction factor 
ffin,tp Two-phase friction factor  
Gmax Maximum mass velocity  
hfg Latent heat of vaporization 
Hfin Height of micro-pin-fin 
i A stream-wise segment containing one row of micro-
pin-fins 
k Thermal conductivity 
Kc1,Kc2 Contraction loss coefficient 
Ke1,Ke2 Expansion recovery coefficient 
Lfin Length of micro-pin-fin 
˙ m Total mass flow rate 
M Number of data points can be predicted by a model or 
correlation 
MAE Mean absolute error 
NL Number of rows in micro-pin-fin array 
Pfin Perimeter of a square micro-pin-fin cross-section 
Pi Local pressure in the segment i 
Pin Measured inlet pressure 
Pout Measured outlet pressure 
Pw Electrical power input to the inline immersion heater 
ΔP Measured pressure drop 
ΔPc1,ΔPc2 Contraction pressure loss 
ΔPe1,ΔPe2 Expansion pressure recovery 
ΔPfin Pressure drop across micro-pin-fin array 
q” Heat flux 
Qloss Heat loss 
SL Longitudinal pitch 
ST Transverse pitch 
R0 Resistance at reference temperature T0 
RT Resistance at temperature T 
Resp Single-phase Reynolds number 
Retp Two-phase Reynolds number 
T Temperature 
T1, T2 Temperature of the two RTD sensors 
Tin Inlet temperature 
!
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Tsat Saturation temperature 
Tup Temperature upstream of vapor generator 
ΔT Distance between measured temperature and 
calibrated temperature for R0 
Wfin Width of micro-pin-fin 
ν Specific volume 
x Thickness of polyimide layer, distance between RTD 
sensors 
xe Thermodynamic equilibrium quality 
X Martinelli parameter 
z Stream-wise coordinate 
Greek Symbols: 
αh Homogeneous void fraction 
αT RTD sensitivity 
µ Viscosity 
φf Two-phase friction multiplier 
Subscripts: 
exp  Experimental (measured) 
f  Liquid 
g   vapor 
i   Stream-wise segment 
in  Inlet 
out  Outlet 
pred  Predicted 
p1  Deep plenum 
p2  Shallow plenum 
sp  Single-phase 
tp  Two-phase 
 
EXPERIMENTAL APPARATUS AND PROCEDURE 
 
Flow loop 
Figure 1 shows a schematic of the flow loop that supplied 
the testing fluid, deionized water, to a micro-pin-fin test module 
at desired operating conditions.  A reservoir stored liquid water 
and also served as a pressure reference point for the flow loop.  
An immersion heater was installed in the reservoir to deaerate 
liquid water through vigorous boiling.  Water was pumped into 
the flow loop using a gear pump.  Before entering the pump, 
the water flowed through the heat exchanger 1 that lower the 
water temperature to approximately 22 °C.  Exiting the pump, 
the water passed through a filter to prevent solid particles from 
clogging the micro-size flow passages in the test module.  The 
water then flowed through one of two rotameters for mass flow 
rate ˙ m measurement.  The rotameters were calibrated using the 
standard weighting method.  The accuracy of 
! 
˙ m measurement 
was better than 4% of the readings.  The heat exchanger 2 that 
was connected to a constant temperature bath was employed to 
adjust the water temperature to a desired level before the water 
entered a vapor generator upstream of the test module.  The 
temperature of the water stream prior to entering the vapor 
generator T
up
 was measured by a thermocouple.  The vapor 
generator contained an inline immersion heater that was 
powered by a 0-110 VAC variac, and was placed in a custom-2 Copyright © 2008 by ASME 
! 
e: http://www.asme.org/about-asme/terms-of-use
Downloamade wooden box packed with ceramic fibrous insulation 
material to reduce the heat loss to the ambient.  By supplying 
sufficiently high heating power to the inline immersion heater, 
the liquid water was converted to a liquid-vapor two-phase 
mixture.  Thermodynamic equilibrium quality of the two-phase 






















In Eq. (1), PW represents the power input to the inline 
immersion heater and was measured using a 0.5% accuracy 
wattmeter.  Qloss indicates the heat loss from the vapor 
generator and was evaluated from a set of tests using water 
single-phase liquid.  Qloss is minuscule as compared to PW.  
Tsat,in is the water saturation temperature corresponding to the 
measured test module inlet pressure Pin.  Details of Pin 
measurement will be discussed later in the paper.  The two-
phase mixture then entered the test module for testing.  The 
mixture leaving the test module flowed through the heat 




Fig. 1. Schematic of flow loop. 
 
Test module 
Figure 2 shows the construction of the micro-pin-fin test 
module.  The test module was composed of a transparent 
polycarbonate plastic (Lexan) cover plate, a 110 copper micro-
pin-fin test section, and a G-7 fiberglass plastic housing.  The 
micro-pin-fin test section had a platform (top) area of 1.0 cm 
(width) by 3.38 cm (length).  An array of 1950 staggered micro-
pins with 200×200 µm² cross-section by 670 µm height was 
milled out of the top surface.  A top view of the micro-pin-fin 
array together with key dimensions is shown in Fig. 3. 
The micro-pin-fin test section was inserted into the central 
portion of the housing.  RTV silicon rubber was applied along 
that interface to prevent any leakage between the micro-pin-fin 
test section and housing.  The housing contained plenums both 
upstream and downstream of the micro-pin-fin arrays.  Each 
plenum consists of a deep portion and a shallow portion to 
ensure even flow distribution.  An absolute pressure transducer 
was connected to the inlet deep plenum via a pressure tap to 
measure Pin.  A differential pressure transducer was connected  
ded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Useto the inlet and outlet deep plenums to measure the pressure 
drop across the micro-pin-fin test section ΔP.  Uncertainty in 
Pin and ΔP measurements was estimated to be less than 0.25% 
of the readings.  Two thermocouples were located in the inlet 
and outlet deep plenums to measure the inlet and exit 
temperatures, Tin and Tout, respectively.  Errors associated with 
all temperature measurements were smaller than ±0.3°C.  The 
readings of the pressure transducers and thermocouples were 
recorded using an HP data acquisition/control system that was 
interfaced to a PC. 
 
 
Fig. 2. Construction of test module. 
 
Fig. 3. Top view of micro-pin-fin array. 
 
The cover plate was bolted atop the housing and the test 
section to form closed flow passages for mixture flow as shown 
in Fig. 2.  Leak-proof seal was created by applying RTV 
silicone rubber into a shallow groove that was machined into 
housing around the top surface of the test section.  Like the 
vapor generator, the assembled test module was also placed in a 
wooden box packed with ceramic fiber to minimize the heat 3 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downlloss so that adiabatic condition was maintained.  In the present 




As the knowledge of single-phase pressure drop is needed 
when constructing predictive tools for two-phase pressure drop 
across the micro-pin-fin array, a set of tests using water single-
phase liquid were performed prior to two-phase tests.  During 
single-phase tests, no power was supplied to the inline 
immersion heater.  Seven different temperature levels 
corresponding to Tin of 21, 30, 40, 50, 60, 70, and 80 oC were 
set by using the heat exchanger 2.  At each Tin, six 
! 
˙ m were 
tested: 0.616, 0.787, 0.945, 1.128, 1.309, and 1.510 g/s.  These 
mass flow rates correspond to maximum mass velocities Gmax 
of 184, 235, 282, 337, 391, and 451 kg/m²s, respectively.  Gmax 
is defined based on the minimum transverse flow area.  The 
flow was allowed to reach steady state under each testing 
condition.  Readings from the pressure transducers and 
thermocouples were recorded at 0.5 s intervals for 3 min 
through a LabView™ interface to a spreadsheet.  Readings 
from the rotameter were recorded manually. 
During two-phase tests, the water in the reservoir was first 
deaerated for one hour to force any dissolved gases to escape to 
the ambient.  The heat exchanger 2 was then used to adjust Tup 
to approximately 85 oC.  Four 
! 
˙ m were tested: 0.616, 0.787, 
1.128, and 1.309 g/s, corresponding to Gmax of 184, 235, 337, 
and 391 kg/m²s.  At each Gmax, PW was progressively increased 
from low to high levels to yield an increasing mixture quality 
xe.  Measurements of temperatures, pressures, flow rate, and 
power input were conducted at steady state.  Each set of test for 
a fixed Gmax was terminated when ΔP reached the differential 
pressure transducer’s upper limit of 15 psi. 
 
PRESSURE DROP RESULTS AND DISCUSSION 
 
Single-phase pressure drop and friction factor 
Figure 4 shows the measured pressure drop of liquid water 
single-phase flow across the micro-pin-fin test section ΔPsp as a 
function of Gmax for all seven Tin.  For a given Tin, ΔPsp 
increases with increasing Gmax.  For a fixed Gmax, ΔPsp 
decreases with increasing Tin due to reduction in water 
viscosity.  The observed parametric trend is typical for a single-
phase system. 
Since the differential pressure transducer was connected to 
the inlet and outlet deep plenums, ΔPsp is the sum of pressure 
drops across the inlet deep and shallow plenums, micro-pin-fin 
array, outlet shallow and deep plenums, as well as pressure 
losses and recoveries associated with the consecutive sections.  
Neglecting pressure drop in the plenums, single-phase pressure 
drop across the micro-pin-fin array "P
fin,sp












e1,sp( ) . (2)  
! 
! 
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Fig. 4. Measured ΔPsp as a function of Gmax for all Tin. 
 
∆Pc1,sp and ∆Pc2,sp are the contraction pressure losses from the 
deep plenum to the shallow plenum, and from the shallow 













































2 , (4) 
where subscripts p1 and p2 denote the deep plenum and 
shallow plenum, respectively, and Kc1 and Kc2 are the loss 
coefficients for the corresponding abrupt contractions.  
Similarly, ∆Pe2,sp and ∆Pe1,sp are the expansion pressure 
recoveries from the micro-pin-fin array to the shallow plenum, 
and from the shallow plenum to the deep plenum, respectively, 













































2 , (6) 
where Ke1 and Ke2 are the recovery coefficients associated with 
the corresponding abrupt expansion.  Values of Kc1, Kc2, Ke1 
and Ke2 for the present test module geometry are evaluated in 





 was determined from Eq. (2), single-phase 




























where NL is the total number of micro-pin-fin rows in the 
stream-wise direction, and is equal to 85 for the present heat 
sink geometry. 
The variation of f
fin,sp
 with single-phase Reynolds number 
Resp is plotted in Fig. 5 on a log-log scale. The log-log scale 4 Copyright © 2008 by ASME 
! 
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fin( ) . (11) 




 decreases with increasing Resp in a fairly 
linear fashion.  The following correlation was obtained through 







"0.35 . (12) 
 
Fig. 5. ffin,sp as a function of Resp for all Tin. 
 
Two-phase pressure drop  
Figure 6 presents the measured two-phase pressure drop 
across the micro-pin-fin test section ΔPtp versus mixture quality 
xe for Gmax of 186, 234, 337, and 391 kg/m2s.  A total of 26 ΔPtp 
data points were collected in the present study.  Figure 6 shows 
that for a given Gmax, ΔPtp increases rapidly with increasing xe.  
For a fixed xe, ΔPtp increases appreciably with increasing Gmax. 
Following the rationale presented in the previous section, 
















∆Pc1,tp, ∆Pc2,tp, ∆Pe2,tp, and ∆Pe1,tp in Eq. (13) are the 
corresponding inlet contraction losses and outlet expansion 
































, (14)  ! 
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∆Pfin,tp in Eq. (13) indicates two-phase pressure drop across the 
micro-pin-fin array.  As the adiabatic condition was maintained 
in the test module, accelerational pressure drop was largely 
absent and ∆Pfin,tp consists of only frictional pressure drop. 
The homogeneous equilibrium model and the Lockhart-
Martinelli type of correlations are two common tools for two-
phase frictional pressure drop prediction.  In the present study, 
the homogeneous equilibrium model incorporating four two-
phase viscosity models as well as five previous Lockhart-
Martinelli type of correlations are applied in conjunction with 
the micro-pin-fin single-phase friction factor correlation, Eq. 
(12), to evaluate ∆Pfin,tp.  The feasibility of using these models 
and correlations to predict ∆Pfin,tp is assessed by substituting the 










The homogeneous equilibrium model treats two-phase 
mixture as a single-phase fluid possessing mean properties and 
follows single-phase transport laws.  Appling the homogeneous 
equilibrium model and adopting a stream-wise segment based 
technique to better resolve the water property variation in the 







































# , (18) 
where i indicates a segment in the stream-wise direction that 
contains a row of micro-pin-fins as well as the surrounding 
portion of the top and bottom endwalls as shown in Fig. 3.  ffin,tp 
represents two-phase friction factor in the micro-pin-fin array.  
The single-phase friction factor correlation for the present 







"0.35 , (19) 















 in Eq. (20) represents effective viscosity of two-phase 
mixture.  In the present study, four popular two-phase viscosity 




 and summarized in Table 1 
as models HE1 to HE4. 
 
Table 1. Two-phase viscosity models. 





































































e( )µ f  N/A 
(0) 
 
Calculation of ∆Pfin,tp using Eq. (18) commences at the 
micro-pin-fin array inlet and proceeds progressively 
downstream.  All the material properties in the segment i are 





















* * . (21) 




 models yield a far 




 along the stream-wise direction such 
that P
i
 becomes lower than zero within the micro-pin-fin array.  
The models are therefore unable to predict ∆Pfin,tp for these 
testing conditions.  As a result, only a portion or even none of 
the 26 ΔPtp data points can have their predicted counterparts 
when these models are applied.   




 models shown in Table 1 are 
compared with ΔPtp data.  All four models overpredict ΔPtp by 
large margins.  The Dukler et al. model (HE1) [6] and the 
Beattie and Whalley model (HE2) [7] were able to predict only 
a small portion of the data points in the low xe range, while the  
! 
ded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of UseMcAdams et al. model (HE3) [8] and the Cicchitti et al. model 
(HE4) [9] were unable to predict any data points.  Figures 7(a) 
and 7(b) show the predicted ΔPtp using HE1 and HE2 versus 
experimental ΔPtp, respectively.  The mean absolute error 












$100%% , (22) 
where M is number of data points that can be predicted by the 




Fig. 7. Comparison of ΔPtp data with homogeneous 
equilibrium model predictions using two-phase 
viscosity models by (a) Dukler et al. [6] and (b) 
Beattie and Whalley [7]. 
The Lockhart-Martinelli type of correlations are developed 
based on the separated flow model that considers the two 
phases to be artificially segregated into their own individual 
stream. Appling the Lockhart-Martinelli type of correlations 
and adopting the aforementioned segment based technique lead 





























# . (23) 
 
6 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
! 
Dow   
   
 
Fig. 8. Comparison of ΔPtp data with predictions of Lockhart-Martinelli type of correlations by (a) Lockhart-
Martinelli (laminar liquid-laminar vapor) [10,11], (b) Lockhart-Martinelli (laminar liquid-turbulent vapor) [10,11], (c) 




 in Eq. (23) denotes single-phase friction factor based on 
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 represents single-phase Reynolds number based 






























where C denotes an empirical parameter called C factor, and X 

























































 indicates single-phase friction factor based on the 















































Five previous Lockhart-Martinelli type of correlations are 
selected and summarized in Table 2 as correlations SF1 to SF5, 
which differ from each other only in the specific values or 
relations for the C factor.  The Lockhart-Martinelli correlations 
for laminar liquid-laminar vapor combination (SF1) and 
laminar liquid-turbulent vapor combination (SF2) were 
developed for two-phase flow in conventional size channels 
[10,11].  The Kawahara et al. correlation (SF3) [12] and the 
Mishima and Hibiki correlation (SF4) [13] were developed 
based on the pressure drop data of adiabatic gas-water two-
phase flow in mini/micro-channels.  The Krishnamurthy and 
Peles correlation (SF5) [3] were developed for pressure drop of 
adiabatic gas-water two-phase flow in micro-pin-fin arrays. 
 
Table 2. Lockhart-Martinelli type of correlations. 
Cor-
relation 
Reference C factor MAE 
(no. data 
points) 
SF1 [10,11] 5 9.1% 
(26) 
SF2 [10,11] 12 143.3% 
(10) 
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 data with the 
predictions using the five correlations, SF1 to SF5, 
respectively.  Among the five correlations, the Lockhart-
Martinelli correlation for laminar liquid-laminar vapor 
combination (SF1) yielded the best agreement with the data, 
which is able to predict all 26 data points with a MAE value of 
9.1%. The two mini/micro-channel correlations (SF3 and SF4)  
aded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use:underpredicted the data.  The MAE value for SF3 and SF4 is 
62.9% and 38.6%, respectively.  The micro-pin-fin correlation 
developed by Krishnamurthy and Peles (SF5) was able to 
predict 24 data points with a moderate MAE value of 36.7%.  
The Lockhart-Martinelli correlation for laminar liquid-turbulent 
vapor combination (SF2) predicted only 10 data points with a 
high MAE value of 143.3%.  A possible reason for the very 
high discrepancy for SF2 is that small flow passage size and 
low flow rate in the micro-pin-fin array yields dominantly 
laminar flow for both phases. With the Lockhart-Martinelli 
correlation for laminar liquid-laminar vapor combination (SF1) 
yielding the best agreement with the data it shows that both 
phases due indeed fall within the laminar flow regime.  
 
CONCLUSION 
In this study, experiments were conducted to measure 
pressure drop of adiabatic water liquid-vapor two-phase flow 
across an array of staggered square micro-pin-fins.  The 
experimental study was complemented by assessment of 
previous two-phase pressure drop models and correlations.  
Nine existing two-phase pressure drop models and correlations 
were examined in predicting the present two-phase pressure 
drop data. The Lockhart-Martinelli correlation for laminar 
liquid-laminar vapor combination in conjunction with the 
single-phase friction factor correlation proposed for the present 
micro-pin-fin array provides the best agreement with the data. 
This is because small flow passages accompanied by low flow 
rates in micro-pin-fin array yields dominantly laminar flow for 
both phases. This shows that the Lockhart-Martinelli 
correlations developed for conventional size channels may be 
used to accurately predict pressure drop in micro-pin-fin arrays. 
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